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Information on the composition, morphology, and thickness of surface-oxide scale helps to control 
the performance of heat-resistant alloys. Currently, there is a lack of adequate analytical methods that allow 
the rapid and nondestructive evaluation of these properties. In this study, we demonstrate a nondestructive 
method for identifying silica (SiO2) scale and evaluating its morphology and thickness within 1 min by 
acquiring the cathodoluminescence (CL) images and spectra of SiO2 scale on an Fe–5%Si alloy heated to 
900 °C. SiO2 scale emitted yellow–orange, violet, or red luminescence, whereas the other scales that form on 
Fe–Si alloys, such as FeO, Fe3O4, Fe2O3, and Fe2SiO4, did not. Thus, we can identify SiO2 scale and observe 
its morphology on the basis of luminescent color in the CL image. The thickness of SiO2 scale can be 
correlated to the intensity of the CL peak at 645 nm. Therefore, the acquisition of CL images and spectra is 
a novel analytical method, which allows one to control the performance of SiO2-forming Fe–Si alloys. 
 




The performance of heat-resistant alloys is controlled by surface-oxide scales, which form when 
metals or alloys are exposed to air at high temperatures [1]. Among the oxide scales, SiO2, Cr2O3, and Al2O3 
are the most important because they protect metals or alloys from the further oxidation at high temperatures 
by forming continuous, adherent, and slowly growing scales [2-5]. Therefore, an understanding of the 
composition, morphology, and thickness of surface-oxide scales is critical to control the performance of 
practical heat-resistant alloys. Additionally, rapid and non-destructive evaluation of these properties would 
allow for a reduction of analysis time and preparation process. Several analytical techniques are used to 
examine the abovementioned properties of surface-oxide scales [1,6]: scanning electron microscopy (SEM) 
equipped with energy- or wavelength-dispersive X-ray spectrometry (EDX or WDX), transmission electron 
microscopy (TEM) equipped with EDX or electron energy loss spectroscopy (EELS), Auger electron 
spectroscopy (AES), secondary ion mass spectrometry (SIMS), X-ray photoelectron spectroscopy (XPS), 
reflection high-energy electron diffraction (RHEED) combined with electron excited X-ray emission (XRE), 
and laser Raman spectroscopy. However, these analytical methods do not meet the requirement for the rapid 
and non-destructive evaluation of the abovementioned properties. The analysis of surface-oxide scales using 
SEM is destructive because cross-sectional observations is required for the thickness measurement. Polishing 
and ion milling, which is destructive process, are required to prepare samples for TEM-EDX or -EELS 
analysis. In addition, the preparation of the TEM samples is time-consuming. AES, SIMS, and XPS are also 
destructive owing to the requirement of sputtering the scale surface using an ion gun. Angle resolved XPS 
and AES can non-destructively determine the thickness of surface-oxide scales, but these analytical methods 
require several spectrum measurements by changing angles, which leads to a long measurement time. 
RHEED-XRE analysis can be performed non-destructively, but it allows one to obtain only surface 
information, such as composition and morphology. Laser Raman spectroscopy requires a long measurement 
time [1]. We have recently focused on cathodoluminescence (CL) analysis, which is used to obtain images 
and spectra based on the phenomenon of light emission induced from materials by electron bombardment, 
for the rapid and non-destructive analysis of surface-oxide scales. It have recently been demonstrated that we 
can rapidly identify Al2O3 scale on Fe–Al–Cr alloys and nondestructively evaluate the morphology and 
thickness of these scales using SEM equipped with a CL spectrometer (SEM-CL) [7]. During the SEM-CL 
analysis, images and spectra are acquired based on the electron bombardment-induced light emission from 
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materials. Al2O3 scale can be identified from the luminescent color in the CL image. The morphology of 
Al2O3 scale can be observed from the CL image. The thickness of Al2O3 scale can be determined from the 
intensity of the CL peak related to Al2O3. The measurement time needed to acquire the CL image and spectra 
of the Al2O3 scale is within 1 min. 
The aim of this study is to (i) establish a method to identify SiO2 scales, (ii) observe their 
morphologies, and (iii) correlate the thickness of the scales by SEM-CL analysis. To establish the method, 
we acquired the CL images and spectra of SiO2 scale on Fe based alloys, which are widely used SiO2-forming 




We selected Fe–5%Si (mass%) alloy to acquire the CL images and spectra of SiO2 scale. It has been 
reported that these alloys form SiO2 scale on their surfaces at 900 °C in air [8]. The abovementioned ratios 
of electrolytic Fe powder (purity: 99.9%, Nacalai Tesque, Inc., Kyoto, Japan) and Si powder (purity: 99.99%, 
Nacalai Tesque, Inc., Kyoto, Japan) were placed in an Al2O3 crucible. The mixtures were heated at 1560 °C 
for 30 min and cooled to room temperature by flowing 96 vol% argon and 4 vol% hydrogen at 200 ml·min−1. 
The Fe–5%Si alloy was pressed and annealed at 1100 °C at 0.1 Pa for 12 h. The annealed alloys were cut 
into cubic slices of approximately 5 mm. The surfaces of the slices were polished using 600-, 1200-, and 
2400-grid abrasive papers and finished using a 1-μm diamond slurry. The polished slices of the Fe–5%Si 
alloy were heated at 900 °C in air to form SiO2 scale on their surfaces. 
We acquired the CL images and spectra of scales on the Fe–5%Si alloy using a custom SEM-CL 
system. Details of the SEM-CL system have been previously reported [7,9-18]. Briefly, a digital mirrorless 
camera (α7RII, Sony Corp., Tokyo, Japan) equipped with a zoom lens (LZM-06075A, Seimitu Wave Inc., 
Kyoto, Japan) was used to acquire the CL images. The sensitivity range of the camera was from 420 to 680 
nm. CL spectra were acquired using an optical spectrometer (QE65Pro, Ocean Optics Inc., Largo, Florida, 
USA) by connecting an optical fiber with a plano-convex lens at its opposite tip. Light emitted from the 
samples was collimated using an off-axis parabolic mirror with a 0.5-mm hole in the center.  
Surface observations and elemental analysis of the scales were performed by using SEM (TM3030 
Plus, Hitachi High-Technologies Co., Tokyo, Japan) equipped with a silicon drift EDX detector (Quantax70, 
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Bruker Corp., Billerica, Massachusetts, USA). The scale thickness of the Fe–5%Si alloys was measured by 
SEM cross-sectional observation. Before the cross-sectional observation, the side of the Fe–5%Si alloys was 
polished using the same abrasive papers and diamond slurry as those used to polish the slices after heating in 
air to form SiO2 scale. 
 
3. Results and discussion 
Oxide scales, such as FeO, Fe3O4, Fe2O3, Fe2SiO4, and SiO2, have been reported to form on Fe–Si 
alloys that are exposed to air at high temperatures [4,8,19-25]. In the present study, CL images and spectra 
of these oxide scales were obtained to identify SiO2 scale from the other scales on Fe–Si alloys. We have 
previously reported that the luminescence of FeO, Fe3O4, and Fe2O3 cannot be detected by capturing their 
CL images [7]. We captured a CL image of Fe2SiO4 that was synthesized by heating a mixture of FeO (purity: 
99.5%, Kojundo Chemical Laboratory Co.,Ltd., Saitama, Japan) and SiO2 (purity: 99.9%, Kojundo Chemical 
Laboratory Co.,Ltd., Saitama, Japan) reagents at 1000 °C for 10 h in an argon atmosphere. The Fe2SiO4 phase 
in the heated mixture was confirmed by X-ray diffractometry (Ultima IV, Rigaku Corporation, Tokyo, Japan). 
We could not detect the luminescence of Fe2SiO4 when we captured its CL image for 30 s. 
Two types of luminescent colors were detected in the CL image of the Fe–5%Si alloy heated at 
900 °C for 1 h, as shown in Fig. 1a. Figures 1a–c shows that Si was only detected in the red illuminated 
particle in the hole (Area A) and in the violet illuminated areas, where microcracks existed, indicating the 
formation of SiO2. As shown in Figs. 1a and d, Fe was mainly detected in the other areas, which did not 
exhibit any luminescence, indicating the formation of iron oxides. CL spectra of the areas with red and violet 
luminescence are shown in Fig. 2a and are consistent with previously reported CL spectra of SiO2 [26], which 
also supports the formation of SiO2 on the Fe–5%Si alloy heated at 900 °C for 1 h. We show the CL spectrum 
of an area with an intense luminescence that is similar to the area that emitted violet luminescence in Fig. 1a 
(Area B in Online Resource 1). This is because we could not obtain the CL spectrum of the area that emitted 
violet luminescence in Fig. 1a owing to its low CL intensity. The CL spectrum of Area A showed a broad 
peak approximately 700 nm, which is attributed to iron (III) ions (Fe3+) that substitute silicon (IV) ions (Si4+) 
[26,27] in the SiO2 particle, which originated from the Fe–5%Si alloy. Area A emitted red luminescence 
owing to the broad peak approximately 700 nm because the tail of the broad peak toward shorter wavelengths 
was located in the red sensitivity region (620–680 nm) of the camera. The CL spectrum of Area B displayed 
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peaks at 430, 520, and 590 nm. The violet luminescence for Area B corresponds to the CL peak at 430 nm 
because the peak at 430 nm is located in the violet region (380–450 nm). The peaks at 430, 520, and 590 nm 
are related to the oxygen vacancy in SiO2 [26,27]. These results indicate that the concentration of oxygen 
vacancies in SiO2 in the areas that emitted violet luminescence is higher than that in Area A and that the 
concentration of oxygen vacancies in SiO2 can estimate from the peaks at 430, 520, and 590 nm. The areas 
emitted violet luminescence were expected to be covered with iron oxide scale before the microcracks 
occurred, which may result in the increase in oxygen vacancies in SiO2. 
When we acquired the CL image of the Fe–5%Si alloy heated at 900 °C for 25 h, the major part of 
the surface emitted yellow–orange luminescence as shown in Fig. 3a. Si was detected in the area that emitted 
yellow–orange luminescence, as shown in Fig. 3c. CL spectra of the area that emitted yellow–orange 
luminescence (Areas C and D) are shown in Fig. 2b and agreed with previously reported CL spectra of SiO2 
[26,27]. In addition, it has been reported that the SiO2 layer appears on the surface of Fe–Si alloys heated at 
900 °C for a longer period [20]. Therefore, the obtained CL spectra and the previous report suggest that the 
SiO2 scale formed on the surface of the Fe–5%Si alloy heated at 900 °C for 25 h in the present study. Fe 
detected in Area D (Fig. 3d) originated from the Fe-5%Si alloy underneath the SiO2 scale. However, Fe was 
not detected in Area C, as shown in Fig. 3d because the SiO2 scale in Area C was thicker than that in Area 
D, as mentioned below. The CL peak at 645 nm was detected for SiO2 that emitted yellow–orange 
luminescence, and the CL intensities of the peaks related to oxygen vacancies (430, 520, and 590 nm) 
relatively decreased, as shown in Fig. 2b. The peak at 645 nm is related to excess oxygen in SiO2 [26,27]. 
The appearance of the peak at 645 nm is reasonable because the holding time at 900 °C in air for the SiO2 
scale that emitted yellow–orange luminescence was longer than that for the SiO2 scale that emitted red or 
violet luminescence. The yellow–orange luminescence of the SiO2 scale is attributed to the CL peak at 590 
nm and the tail of the CL peak at 645 nm toward shorter wavelengths because the peak and tail are located 
in the wavelength region between yellow (570–590 nm) and orange (590–620 nm). Although the peak at 645 
nm, which showed the highest CL intensity of Areas C and D, is located in the red sensitivity region (620–
680 nm) of the camera, Areas C and D emitted yellow–orange luminescence. This occurred because the 
sensitivity of the camera in the red region was lower than that in the yellow and orange regions [28]. The 
comparison of Figs. 3a and c indicates that the distribution of the brightness of the yellow–orange 
luminescence corresponds to that of the intensity of the Si Kα line. This suggests that the SiO2 scale with a 
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brighter yellow–orange luminescence (Area C) is thicker than that with the darker yellow–orange 
luminescence (Area D). We measured the thickness of the SiO2 scales of Areas C and D by acquiring SEM 
images of their cross-sections as shown in Figs. 4a. We were able to observe the cross sections of the grains 
that included Area C and D because these grains reached the edge of the sample. The dark area near the 
surfaces in Figs. 4a is the SiO2 scales confirmed by EDX elemental mapping because Si was detected only 
in the scale and the distributions of Si and Fe in the scale were uniform (Figs. 4b and c). The thickness of the 
SiO2 scale in Area C (2.2 μm) was approximately twice as large as that in Area D (1.2 μm). The intensity of 
the CL peak at 645 nm in Area C was also twice as large as that in Area D, as shown in Fig. 2b. These results 
indicate that we can estimate the approximate thickness of the SiO2 scale on the Fe–Si alloy from the CL 
intensity of the peak at 645 nm. In addition to the yellow–orange luminescence, blue luminescence was 
detected for the SiO2 particles, as shown in Fig. 3a. The blue luminescence of the SiO2 particles occurs 
because the concentration of the oxygen vacancy in the SiO2 particles is higher than that in SiO2 that emitted 
yellow–orange luminescence. The results obtained here demonstrate that we can detect SiO2 scale selectively 
by acquiring CL images and spectra of Fe–Si alloys because FeO, Fe3O4, Fe2O3, and Fe2SiO4 did not emit 
luminescence, whereas SiO2 did. 
 
4. Conclusions 
We demonstrated a nondestructive measurement method to rapidly identify SiO2 scale on the Fe–
5%Si alloy and to evaluate its morphology and thickness by acquiring CL images and spectra. SiO2 particles, 
whose Fe content was higher than that of oxygen vacancies and excess oxygen, emitted red luminescence. 
SiO2 scale with a high content of oxygen vacancies emitted violet luminescence. SiO2 scale with a high 
content of excess oxygen emitted yellow–orange luminescence. FeO, Fe3O4, and Fe2O3 reagent powders and 
synthesized Fe2SiO4 powder, which are oxides that have been reported to form on Fe–Si alloys at high 
temperatures, did not emit luminescence. The thickness of SiO2 scale can be correlated to the CL peak at 645 
nm. Thus, SEM-CL analysis is a powerful tool to evaluate the composition, morphology, and thickness of 
SiO2 scales on Fe–Si alloys. In this study, we focused on the evaluation of SiO2 scale on Fe-based alloys. In 
future, we will perform SEM-CL analysis of SiO2 scale on other materials such as MoSi2, WSi2, and Si so as 
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Fig. 1 (a) CL image, (b) SEM image, and EDX elemental mapping of (c) Si and (d) Fe of the Fe–5%Si alloy 
surface heated at 900 °C for 1 h in air. The exposure time for the CL image was 30 s. 
 
Fig. 2 (a) CL spectra of areas that emit red (Area A in Fig. 1a) and violet luminescence (Area B in Online 
Resource 1). Measurement durations for the CL spectra of Areas A and B were 30 and 60 s, respectively. (b) 
CL spectra of Areas C and D in Fig. 3a. Measurement durations for the CL spectra were 10 s. 
 
Fig. 3 (a) CL image, (b) SEM image, and EDX elemental mapping of (c) Si and (d) Fe of the Fe–5%Si alloy 
surface heated at 900 °C for 25 h in air. The exposure time for the CL image was 20 s. 
 
Fig. 4 Cross-sectional SEM (backscattered electron) images of (a) Area C and D in Fig. 3a. EDX elemental 
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Online Resource 1 (a) CL image and (b) SEM image of Fe–5%Si alloy surface heated at 900 °C for 4 h 
in air.  
